As British cities grew during the Industrial Revolution, so they became increasingly polluted by the smoke from factory and domestic coal combustion. During winter time, episodes of temperature inversion kept the smoke close to ground level and gave rise to the famous smogs of the first half of this century, culminating in the London smog of December 1952, which was associated with some 4000 excess deaths in 1 weeki. Knowledge of an association between cold weather and excess deaths was not new, meteorologists having studied it from the middle of the nineteenth century", but in the early twentieth century it became apparent that cold alone did not explain the excess and that the concurrence of fogs was a likely additional factor". The 1952 message that air pollution is bad for you, delivered so close to Parliament itself, had a dramatic effect and smoke control in towns and cities was enforced by the Clean Air Act of 1956. The pioneering Medical Research Council (MRC) air pollution unit was also set up at St Bartholomew's Hospital Medical School under Professor Pat Lawther and an important series of studies of the interactions of air pollutants and health, notably by Lawther and Waller, began 4 . This was the heyday of the 'English disease', chronic bronchitis, and the researchers concentrated (understandably) on the lung as a target for pollutants. They did, however, recognize that deaths during these episodes were often from heart disease. The legislation was so successful that smoke and sulphur dioxide concentrations in our cities fell progressively through the following three decades, and the MRC unit was eventually closed, its work apparently done. Why the excess deaths occurred has never convincingly been explained but it has been assumed that air pollution episodes, acting as the grim reaper, harvest those who, on account of severe heart or lung disease, are about to die.
The closure of the MRC unit occurred at a time of rapid increase in the numbers of vehicles on our roads. As the smokey chimneys disappeared, so the streets filled with cars and lorries and their attendant exhaust fumes and gases. This increase in motor vehicles has accelerated, although fortunately there has not been a corresponding rise in air pollutants becauseengine and fuel technology has to date kept pace. However, the fall in air pollutants has been checked and the centres of some cities have again become unpleasant places to live in or to pass through during large parts of the day. In appropriate weather conditions, Department of Environmental and Occupational Medicine, Medical School, Foresterhill, Aberdeen AB9 2ZD, Scotland episodes of quite severe air pollution have started to return, although the constituents are not the same as those associated with the urban smogs of earlier years. And epidemiologists have once again shown associations between modem air pollution, disease and death s-7 .
WHAT IS URBAN AIR POLLUTION?
The classic air pollutants associated with coal burning were particles and sulphur dioxide, and during pollution episodes the particles were strikingly acidic. Particles can be measured in several different ways, and in the UK the traditional method has been to draw air in through a length of tubing, collect the particles on a filter, and measure the blackness of the resultant stain by reflectance, the weight of particles then being read off a calibration curve. This is known as the British black smoke method. It gives an indication of the concentration of fine particles in the air, the larger ones having fallen out on the passage to the filter, but it is of course dependent on the particles being of appropriate blackness. Since it was developed for the measurement of coal-derived pollution, it is not so readily applicable to the measurement of particles derived from other sources. For this reason, most modem studies of air pollution use a direct gravimetric measurement of particles in which the air is drawn through a size-selective orifice and weighed automatically by a micro balance. Most frequently, such measurements are quoted as PM10 (particulate matter less than 10 flm diameter), but other measurements of smaller particles such as PM 2 . s are also being used.
The change in sources of air pollution in UK cities together with the effects of smoke control have in general resulted in a sharp but decelerating fall in concentration of particles and sulphur dioxide, little alteration in concentrations of oxides of nitrogen and carbon monoxide, and the addition of a number of volatile organic compounds from fuel combustions. Nitric oxide is produced by combustion of vehicle fuel and is rapidly oxidized by ozone to nitrogen dioxide. This means that nitrogen dioxide is a good indicator of traffic activity and that ozone concentrations tend to be lower where traffic is heavy. However, as the air containing nitrogen dioxide and organic compounds derived from vehicle exhausts drifts from the major urban sources, so it takes part (in the presence of sunlight) in atmospheric photochemical reactions which lead to the formation of ozone. Ozone therefore tends to be a suburban and rural pollutant and one that may drift for large distances over national boundaries. It is also more of a problem in sunny climates and in summer. Ozone, nitrogen dioxide and sulphur dioxide are all respiratory irritants; carbon monoxide is a metabolic poison; and small particles, at least in high concentrations, may be harmful to the lung's acinus. All these pollutants may conceivably be responsible for adverse effects on health during pollution episodes.
PARTICLES AND HEALTH
The association between air pollution and health is extremely complex and is confounded notably by weather. Changes in temperature have a much more obvious effect on mortality and morbidity than do changes in concentrations of pollutants. Nevertheless, the remarkable consistency across the very many studies now reported from many countries has led to something close to a consensus among researchers. At the risk of oversimplification, this may be stated as follows: increases in overall deaths and deaths from cardiovascular and respiratory causes occur in relation to rises in particulate air pollution; similar relationships are found with hospital admissions for lung disorders and, in some studies, acute cardiac events and episodes of worsening of asthma; these relationships are not explicable on the basis of weather alone, but are influenced to greater or lesser degree by the presence of other pollutants'', Apart from particles, the only agent which shows consistent associations with most of these health effects not explicable by the presence of other pollutants is ozone7,10. The message from these studies is that a cocktail of pollution derived from the internal combustion engine is responsible for a small excess of ill-health, including some premature mortality, measurable in the larger and more polluted UK cities. It is not known whether the premature mortality reprCl ' ent~a trivial or a significantshortening of life, but even ifthe average effect were small this would probably conceal substantial loss. There is also some evidence that historic levels of particulate air pollution in a city may be a factor in determining the mortality of its population, suggesting that long-term exposure may contribute to the causation of cardiorespiratory disease as well as to provocation of the terminal event 11,12. In view of the evidence of a fall in particulate pollution, these conclusions are not a cause for alarm in the UK, since the problem here is likely to be diminishing. They do, however, sound a warning against any future increase in traffic-generated pollution and indicate that major effects may be occurring in more polluted cities elsewhere. Furthermore, they raise many interesting questions about biological plausibility. In seeking to establish whether complex statistical relationships represent causation, it is usual and sensible to appeal to the various criteria proposed by Sir Austin Bradford Hill 13. The strength, specificity, consistency, time relationships, biological gradients, and coherence of the epidemiological evidence are such as to leave little doubt that air pollution does indeed cause the observed effects. There does, however, remain considerable doubt as to what aspect of the pollution is responsible and how it could produce such effects; three of Bradford Hill's criteria' deserve especial attention from the scientist who wishes to convince the sceptic. These are biological plausibility, experimental evidence and analogy.
PLAUSIBILITY, EXPERIMENTAL EVIDENCE AND ANALOGY

Distribution of exposure to particles
The recent epidemiological evidence associates excess deaths with rises in concentrations of PM 10 of a few tens of micrograms per cubic meter, at levels even below 100 Jig/ m 3. These concentrations taken at face value seem unlikely to cause any harm to the lung, especially when we remember that many industrial workers are exposed daily to respirable dust concentrations of several milligrams per cubic meter. A normal adult breathes about 18 m 3 of air in 24 h and, if exposed to a constant PM10 concentration of 100 Jig/m 3 , inspires only about 1.8 mg of fine particles over a day, of which less than half is retained in the lung. The epidemiological evidence suggests that excess deaths occur even below this concentration. If this is true, it means either that these particles are exceedingly toxic or that the epidemiological results conceal the explanation by measuring the average effects on populations rather than on individuals.
Here it is helpful to draw on the analogy of smoking; all studies of the effects of cigarettes on lung function show a relatively small average effect, but clinicians have no difficulty in accepting that they see patients with severe smoking-induced lung disease, representing those who, because of increased susceptibility, represent the extreme of the response distribution. All epidemiological studies of air pollution rely necessarily on a few limited measurements of the pollutant as a surrogate for exposures of individuals in the population. It is intuitively likely that the population of a polluted city will be exposed to a wide range of concentrations, depending on their proximity to the major sources and to changes in the particle size composition of the air as it drifts from the source. At present very little is known of the distribution of PM IO exposures in a population during air pollution episodes, but some recent work has shown that personal exposures of people working close to roads may be much higher than the concentration measured by local monitoring stations, suggesting that those who live close to busy roads are exposed to much higher concentrations of PM IO than are indicated by the figures used in epidemiological studies!", Thus, the relatively low concentrations recorded as being associated with excess deaths probably conceal much higher exposures of a small fraction of the population, and it may be that the excess deaths occur in this tail of the distribution. The need to use one or very few point measurements of air pollution to represent the exposures of many hundreds of thousands of people may also obscure the presence of a threshold concentration below which effects do not occur!".
Even if this is the case, it is still hard to conceive that doses to the lung of only a few milligrams over a day or two could cause death, unless the particles are particularly toxic or the individuals are particularly susceptible. It is likely, if the association is indeed causal, that both are true. The evidence suggests that the excess deaths occur in older people and, since they are mainly from cardiovascular (CVD) and chronic lung disease, in people with already compromised lungs and circulations 15. Therefore we can envisage older people with coronary arterial narrowing or chronic obstructive lung disease in whom exposure to the upper extreme of the distribution of PM IO pollution might prove the final straw, but only if we assume that PM 10 are sufficiently toxic to produce the necessary worsening. lust how toxic are these particles?
Toxicity of particles
The term PM 10 describes particles less than 10 Jim in aerodynamic diameter. However, when these particles are generated by combustion the size distribution in terms of numbers of particles is predominantly very small, with two peaks at around 30nm (0.03 Jim) and 100nm. The ultrafine particles below about 50 nm have a relatively short life, condensing into the larger (but still very small) ones. However, people close tfJ the source are likely to be exposed to very large numbers of minute particles-it may be calculated that with counts of around 5000/cm 3 (a figure likely to be exceeded in pollution episodes) and a lung deposition fraction of 0.43, someone breathing normally would retain 40 X 10 10 ultrafine particles per 24h 9 . Given even distribution, which of course does not occur in people with lung disease, this implies a dose of 1350 particles to each of their 296 million alveoli. While this is far from enough to overload the alveolar macrophages, it docs provide a formidably large surface area for transport of adsorbcd toxic substances to the alveolar membrane and, therefore, the potential for toxic effects, especially in those with uneven distribution in whom much higher concentrations would occur in areas of preferential ventilation.
This view of air pollution in terms of particle numbers rather than weight puts a different perspective on the consideration of possible toxic effects. There is already one particle which is known to exert serious toxic effects in nanogram concentrations because of its physical rather than chemical propertiesasbestos. Asbestos causes long-term toxicity because of its length and insolubility, which hinder its removal from the lung, whereas PMI 0 are likely to be soluble and are roughly spherical in shape. To date it has not proved possible to carry out direct inhalational experiments in rats with PM ID , although some such studies are likely to be started soon. However, ultrafine particles of titanium dioxide and Teflon have been studied by Oberdorster and colleagues and have been shown to cause alveolar inflammation at low concentrations while the same substances at the same concentrations but of a larger size have no effect16,17.
It does seem likely that some physical property of ultrafine particles may cause pulmonary inflammation. Although nobody has yet shown that traffic-generated ultrafine particles, which comprise largely carbon, nitrates and sulphates, have this effect, they are known to carry potentially toxic substances including metal ions on their surfacel", Given that PM IO contain large numbers of ultrafine particles with the potential to cause lung inflammation, is it possible that this could cause death from heart disease as well as adding the final straw in people with lung disease? Here there is a clue from cardiac epidemiology, where associations have been observed in the elderly between season (and temperature) and blood concentrations of fibrinogen and factor VII18, 19. These changes in blood coagulability may be responsible for the striking seasonal fluctuations in mortality from CVD, and they may in part be mediated by pulmonary inflammation. It has been suggested that they may represent a response to viral infection, but another plausible interpretation is that they are a response in part to air pollution. Studies of the lung response to exposure to zinc oxide fumc/", a cause of metal fume fever which is also a cloud of ultrafine particles, have shown alveolar inflammation with release, inter alia, of interleukin-6, a mediator of fibrinogen release from hepatocytes. This response, intriguingly, occurs over a 24 h period, in keeping with the delay that typically occurs in air pollution episodes before the increase in mortality. A further interesting observation is that in older people there are marked winter reductions in intake of vitamin C, one of the main antioxidants in the lung 21 ; at this time, therefore, organs may be more susceptible to oxidant release from inflammation due to inhaled particles. If pulmonary inflammation is a cause of release of fibrinogen and other mediators of blood coagulation, this would provide plausible explanations of the effects of air pollution not only on acute cardiovascular events but also on long-term mortality, since fibrinogen has been implicated, in conjunction with lipoprotein (a) , another acute phase rcactant-", in the process of atherogenesis 23 .
CAUSES AND PREVENTION
From' the epidemiology, it is apparent that particulate air pollution is associated at least with acute adverse health effects in our cities, even at the eoncentrations occurring today. I have argued that this association is likely to be causal primarily because of the strength, specificity and consistency of the evidence, and that a plausible explanation lies in the possibility that ultrafine particles provoke a different alveolar reaction from that induced by larger particles, resulting in the release of inflammatory mediators and consequential effects both on the lung and on blood coagulabilit y 24 . Even if this is not the explanation or if, rather than particles, the cause is some other as yet unidentified substance present in the air at the same time, the real association in the UK is between combustion of vehicle fuels and ill-health, and it is very likely that continued action to reduce the release of exhaust gases and fumes from vehicles would reduce the adverse effects, just as reduction in coal burning in the 1950s and 1960s reduced the health effects of smogs. There is no need to wait for explanation of strong associations before tackling the likely causes. Indeed, the history of occupational medicine shows that industry has often used delaying tactics, calling for more research into causes before being forced to implement expensive preventive measures.
Fortunately, in the UK we have already taken firm steps towards reduction of air pollution, for example with tighter controls on vehicle emissions and the introduction of catalytic converters on petrol vehicles, and despite projected increases in the volume of traffic we can expect progressive reduction in PM lO concentrations over the next decade. A combination of measures, including local authority initiatives on transport policy, fiscal incentives to individuals and organizations to use less polluting transport, and the production of cleaner fuels (such as liquid petroleum gas), particle traps on diesel vehicles (which are not the major source of particles), morc efficient engines, and improved education of the public about energy usage, is likely to result in further reductions in pollution. This should be seen as an international problem, since air pollution does not respect national borders, and also as part of the much larger longterm linked problems of excessive use of unrenewable energy resources and global warming 25 . The UK government has accepted scientific advice on the harmfulness of pollution/" and has placed a duty, under the Environment Act 1995, on the Secretary of State to prepare a strategy for the management and improvement of air quality in the UK. We can anticipate that this strategy will continue to encourage progressive amelioration of air quality, in line with the Rio Earth Summit declaration on sustainable development, thus ensuring continued improvements in health while giving industry commercial opportunities to develop methods that will allow maximal freedom of movement with minimal harm to the environment.
